This paper is concerned with the use of leaky Lamb waves for the nondestructive evaluation (NDE) of damage in anisotropic materials such as fiber-reinforced composites. Two fundamental acoustic properties of the material, namely, the wave speed and attenuation have been measured. Stiffness is deduced from the wave speed. The damage mode selected for this study is matrix cracking. As expected, the in-plane stiffness decreases and the attenuation increases with an increase in the linear crack density.
INTRODUCTION
Matrix cracking, generally, is the first mode of failure in fiber-reinforced composites. This is a micro-level failure and not being self-sustaining mechanism, is distributed throughout the structure. By self-sustaining is meant here that, once a crack has developed, it may not propagate any further upon subsequent loading. The reason for this behavior is that the strong fibers act as crack arresters and stress relieving takes place in the vicinity of the cracks. As a result, stresses are again distributed all over the structure and further cracking takes place elsewhere. These cracks are called matrix cracks. Though the integrity of the structure is not lost due to the matrix cracks, overall stiffness of the structure is reduced, and its damping is increased.
Composites are being used as load bearing members, especially in the aerospace structures, because of their excellent strength-to-weight ratio and the designer's ability to tailor the directional properties to the service requirements. Reduction in stiffness, due to damage, can result in change in response of the structure upon loading. This change is important for the designer as well as the user. Ultrasonic techniques such as "C scan" have been used to detect larger defects, but evaluation of residual stiffness is still an ongoing problem. Hence, a nondestructive evaluation of the composite structure is necessary where even before large size defects can be monitored, changes in stiffness should be measured.
Ultrasonic NDE has been used for the through-thethickness evaluation of cross-ply fiber-reinforced composites.
•-3 It was found that although the ultrasonic attenuation was a very sensitive damage metric, wave speed was not. Thus attenuation measurement can be used to estimate damage in composites. Master curves 3 of attenuation as a function of crack length show such a possibility of NDE application. The reason for this behavior becomes clear from Fig. 1 (a) . In the through-the-thickness mode, the wave travels normal to the plate and the cracks also lie in the same plane. Obviously, the wave-crack interaction is minimal. As mentioned earlier, although changes in attenuation are measured, the wave speed, or stiffness, is not affected. Moreover, out-of-plane stiffness is not of much use to the designer, while in-plane stiffness is an important design criteria. The in-plane reduction in stiffness of cross-ply laminates has been modeled by a number of researchers. Fig. 1 (b) , and hence the crack-wave interaction will be large and it is expected that wavespeed will be sensitive to the changes in in-plane stiffness.
When the plate is immersed in a fluid, the Lamb waves traveling in the plate leak energy into the surrounding fluid as shown in Fig. 2 . These waves in the fluid have been named "Leaky Lamb waves." These leaky Lamb waves can be sensed by a transducer and the wave speed and attenuation in the plate material can be measured. It may be noted here that in the Lamb wave mode of wave propagation, attenuation in undamaged specimens is due to: ( 1 ) energy leaked into the fluid, and (2) the material nonuniformity as a result of the damage. We assume that the attenuation due to leakage remains essentially constant but the attenuation due to damage increases with damage. Hence, the measured increase in attenuation is attributed to the induced damage.
The Lamb wave speed, on the other hand, is related to the overall stiffness in the plane of the plate and hence the changes in wave speed are due to the change in the in-plane 
Bar-Cohen and Chementi •ø have utilized the leaky
Lamb waves for the nondestructive testing (NDT) of damage in fiber-reinforced composites. They have shown that various forms of damage can be identified by a null-zone movement method. When a wave is incident upon the plate, a specular reflection from the plate front surface takes place along with the generation of Lamb waves in the plate. Due to phase change in the leaky waves, the specular reflection and the leaky wave interfere and a well-defined null zone is observed; the movement of this null zone has been related to various defects. A C-scan type setup was used to map the damage. Lamb waves have been used by Tang and Henneke TM for the measurement of stiffness reduction in laminated composites. They have used a method similar to acousto-ultrasonic experiments. By proper frequency tuning they achieve the lowest antisymmetric mode wave to travel in the plate and measure the wave speed changes. Our studies show that in the basic antisymmetric mode the reduction in wave speed is predominantly due to the reduction in shear stiffness and is least sensitive to the changes in axial stiffness.
In this work we have utilized the leaky Lamb waves for the NDE of composites. The receiving transducer is placed in such a position that the specular reflection is completely avoided and only the leaky waves are sensed. Shown in Fig. 2 is the relative position of the transmitter and the receiver. For reasons detailed later, we use the basic symmetric mode in our work. The wave speed and attenuation in the specimen are measured from the received signal. The specimen is damaged and transverse cracks are introduced in the cross-ply laminates. Changes in wave speed and attenuation are measured to estimate the damage. We present here some results for the NDE of cross-ply laminates by leaky Lamb waves. It is observed that attenuation increases and in-plane stiffness decreases as damage is induced in the composites. The technique has a good potential for field application since it is nondestructive and is the only NDE technique available for the in-plane stiffness measurement. Furthermore, as will be shown later, it yields local values of properties. It is obvious from Eq. (5) that the measurement of 0• will be an important factor in the accuracy of measurement. A very simple but elegant method has been devised to accurately ascertain the Lamb angle. As shown in Fig. 2 the receiver is moved by a distance x. A very elementary calculation (see the Appendix) shows that at the correct Lamb angle, total travel time from the emitter to the receiver is independent of x. Thus, though the receiver is moved on its traveling mechanism, the signal on the oscilloscope remains unchanged on the time scale; only its amplitude is reduced. It was determined that the Lamb angle could be measured with a precision of 0.1 deg, which was also the accuracy of our instrumentation. The decrease in the amplitude of the signal as the receiver is moved, is recorded and by fitting an exponential curve through the points, the attenuation coefficient is calculated. Thus, in one experiment, the attenuation is obtained and the validity of the Lamb angle is also checked. The accuracy of measurement of modulus is estimated to be 2%, and for attenuation it is about 10%.
II. EXPERIMENTAL PROCEDURE
The block diagram of the experimental setup is shown in Water is used as an acoustic couplant; the transducers are mounted inside a water bath. Transmitter and receiver are mounted on two traveling mechanisms graduated to 0.001 in and the specimen is placed in a holder mounted on a turntable which is graduated to 0.1 deg. When the specimen is rotated to achieve the correct Lamb angle, the length of the specimen between the transducer is increased. To offset this increase, the two transducers are moved laterally such that same length of the specimen is interrogated throughout the experiments. Since repeatability is very important in our measurements, the specimen holder is designed so that exact replacement of the specimen is achieved every time. The specimen is carefully placed against a tab fixed on the specimen holder on each replacement. A typical plot of received signal, as the specimen is rotated, is given in Fig. 4 In the early stages of this work, water seepage into the cracks was found to be a major source of error and this was prevented by coating the edges with a strippable coat (mfg. Fig. 7 (a) . The solid lines are for symmetric mode and dashed lines for asymmetric modes. The attenuation curves for various modes are shown in Fig. 7 (b) . The tests for Lamb wave speed and attenuation in undamaged specimens, as described earlier, are performed and the results are shown as discrete points on Fig. 7 . The theoretical curves are from stiffness values calculated by the rule of mixtures; •6 the agreement between theory and experiments is considered satisfactory. The static stiffness of the laminate was also measured in a tensile testing machine and the corresponding wave speed is shown as an arrow in Fig.  7 (a) . This shows that, if the experimentally determined values of the stiffness constant are used in the dispersion relations, then a better correlation between the theory and experiments will be observed. It is observed from Fig. 7 (b) that the attenuation of the so mode remains very small up to an fd = 0.5 MHz mm and then increases very sharply. This attenuation is due to energy leaked into the water. This is another reason why we have chosen to perform our tests in the low fd values. When the attenuation is very high, the reception and identification of waves will become difficult as interesting. Kinral8 has worked with composites consisting of lead spheres in an epoxy matrix and has shown that the wave propagation in these composites occurs along two separate branches: (1) the low-frequency, slower, acoustical branch along which the particle motion is essentially in phase with the excitation, and (2) the high-frequency, faster, optical branch along which the particle displacement is essentially out of phase of the excitation. The two are separated by a cutoff frequency which corresponds to the excitation of the rigid-body-translation resonance of the heavy inclusion. This occurs when kla-0(1), where a is the inclusion radius. Around the cutoff frequency, both the phase velocity, as well as the attenuation, change very dramatically. This phenomenon is shown in Fig. 13 These results forewarn against an arbitrary selection of the test frequencies. Depending on the flaw size, a, the test frequency, and hence the kl a, has to be chosen such that a good signal amplitude decay curve is obtained. If the attenuation falls very slowly with damage then it will not be a sensitive measure of the damage. On the other hand if the attenuation falls very rapidly then at a relatively low crack density the received signal will be lost and the measurement will be inaccurate. This shows that at the correct Lamb angle, when the receiver is moved by an arbitrary distance, the total time taken by the wave to travel from the emitter to receiver remains unchanged.
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